We investigated the role of the growth hormone/insulin-like growth factor-1 (GH/IGF-1) axis on caloric restriction (CR) using male wild-type and transgenic homozygous dwarf rats bearing an antisense GH transgene and their F1 heterozygous progeny fed either ad libitum or subjected to 30% CR. CR predominantly altered expression of hepatic genes involved in the stress response, xenobiotic metabolism, and lipid metabolism. Most gene expressions involved in stress response and xenobiotic metabolism were regulated in a GH/IGF-1-dependent manner, and those involved in lipid metabolism were regulated in a GH/IGF-1-independent manner. Moreover, CR enhanced the gene expression involved in fatty acid synthesis after feeding and those encoding mitochondrial b-oxidation enzymes during food shortage, probably via transcriptional regulation by peroxisome proliferator-activated receptor a. These results, taken together with serum biochemical measures and hepatic triglyceride content, suggest that CR promotes lipid utilization through hepatic transcriptional alteration and prevents hepatic steatosis in a GH/IGF-1-independent manner.
R
ECENT advances in understanding the molecular basis of aging and the genetic control of longevity have involved yeast, Caenorhabditis elegans, and Drosophila (1). Many mammalian homologues of target genes, which extend longevity, are involved in insulin/insulin-like growth factor 1 (IGF-1) receptor signal cascades (1) . In mammals, Ames and Snell mutant dwarf mice, which are homozygous for a mutation at the prop-1 and pit-1 locus, respectively, are deficient in growth hormone (GH), prolactin, and thyroidstimulating hormone. Both mutant mice live 20%-50% longer than controls (2, 3) . Moreover, mice with disrupted GH receptor/binding proteins live significantly longer than controls (4) . Thus, from yeasts to mammals, the GH/insulin/ IGF-1 axis or a similar signaling pathway is likely to be an important regulator of life span (1, 3, 5) .
Although new genetic interventions that extend mammalian life span are emerging, caloric restriction (CR) remains the most robust, reproducible, and simplest experimental manipulation known to extend both median and maximum life span and to retard a broad spectrum of age-associated pathophysiological changes in laboratory rodents (6) (7) (8) (9) (10) . Life-span extension by CR has been observed in several species, from yeasts to laboratory rodents. Studies have recently been extended to nonhuman primates, and data suggest that CR may be effective in primates as well (11, 12) . The attenuation of oxidative and other stresses, and modulation of glycemia and insulinemia may be a significant factor in the actions of CR, but the exact underlying mechanisms are still unknown (8) (9) (10) . However, CR animals share many characteristics with long-living dwarf mice, including smaller body size and lower plasma insulin and IGF-1 levels (5, 13, 14) .
To clarify the relationship between the effects of GH/IGF-1 suppression and CR, we have previously examined the survival of male wild-type Wistar (À/À) rats, homozygous transgenic dwarf rats bearing an antisense GH transgene (mini, severe suppression of GH/IGF-1, tg/tg), and their F1 heterozygous progeny (moderate suppression of GH/IGF-1, tg/À) fed either ad libitum (AL) or subjected to 30% CR (15) (16) (17) . The median and maximum life span was extended by 10% in AL (tg/À) rats compared with AL (À/À) rats. Unexpectedly, however, the longevity of AL (tg/tg) rats was shortened by 10%. Regardless of the severity of GH/IGF-1 suppression, however, CR markedly extends the median and maximum survival of all three genotypes (16, 17) . CR also further extends the longevity of Ames dwarf mice (18) . Therefore, the retardation of aging by CR might not merely depend upon the GH/IGF-1 axis, but it may also be independently regulated by the GH/IGF-1 axis.
In the present study, we compared hepatic gene expression profiles, serum biochemical measures, and hepatic triglyceride content in 24-week-old male AL and CR rats after feeding. We also investigated CR rats during food shortage in three genotypes to clarify GH/ IGF-1 suppression-dependent and suppression-independent alterations.
EXPERIMENTAL PROCEDURES

Animal Characteristics
The transgenic dwarf (mini, tg/tg) rats used in this study were described previously (15, 19) . The colony of (tg/tg) rats was maintained under specific pathogen-free (SPF) conditions. Jcl:Wistar rats (Wistar, Japan Clea, Tokyo), which were the genetic background of (tg/tg) rats, were also used for the experiments. F1 hetero (tg/À) progeny were created by male (tg/tg) 3 female (À/À). Characteristics of (tg/tg) and (tg/À) rats and their husbandry were described previously (15) . Briefly, the three genotype rats, (tg/tg), (tg/À), and (À/ À), were maintained under SPF conditions in the Laboratory Animal Center at Nagasaki University Graduate School of Biomedical Sciences. SPF conditions were monitored by serological examination for several microorganisms in sera from sentinel rats when the rats arrived and every 6 months thereafter (15) . All male postnatal rats were maintained separately in an individual cage and were provided with water AL and the CR-LPF diet (Oriental Yeast Co. Ltd., Tsukuba, Japan) based on the formula of Charles River Inc. (CRF-1; Wilmington, MA). Protein was reduced by 20% for the long-term study.
From 6 weeks of age, the three genotypes, (À/À), (tg/À), and (tg/tg), were divided into two groups; AL and CR (70% of the energy intake). CR rats were fed every other day (16) . Their 2-day food allotment was equal to 140% of the mean daily intake of AL rats. Male rats for cross-sectional studies were killed at 24 weeks of age. As shown in Figure 1 , CR1 rats, which were provided food 30 minutes prior to turning off the lights in the evening, were killed after turning on the lights in the following morning (CR rats killed after feeding). CR2 rats were killed the next morning after the CR1 rats were killed (CR rats killed prior to feeding). All rats were killed by decapitation within 20 seconds after the first touch of their cages by the investigators. Food intake was measured every 12 hours over the course of 48 hours in 6 groups at 24 weeks of age ( Figure 1 ). Mean body weight (6 standard deviation) and plasma IGF-1 levels (6 standard error of the mean [SEM]) of the 6 groups are shown in Table  2 (15, 16) .
Serum Biochemical Studies
Serum samples were prepared from trunk blood after decapitation and stored at À308C. Serum triglycerides (GK-GPO-POD method, DIA Auto TG kit; DIA Siyaku, Tokyo, Japan), total cholesterol (CEH-COD-POD method, DIA Auto T-cho kit; DIA Siyaku), free cholesterol (COD-POD method, Ekdia L Eiken F-CHO kit; Eiken Chemical, Tokyo, Japan), phospholipids (PLD-ChOD-POD method, Sica Auto PL; Kanto Kagaku, Tokyo, Japan), free fatty acids (ACS-ACO-POD method, Determiner FFA; Kyowa Medecs, Tokyo, Japan), and total ketone bodies including acetoacetate and D-3-hydroxybutyrate (enzymatic cycling method, Total Ketone Body-Kainos; Kainos Laboratories, Tokyo, Japan) were then measured according to the manufacturers' instructions. Serum total lipids were calculated by a summation technique proposed by Cheek and Wease.
RNA Preparation
Total RNA was extracted from the liver of six rats in each group by the guanidinium thiocyanate phenol-chloroform method using ISOGEN (Nippon Gene, Toyama, Japan), according to the instructions provided by the manufacturer.
Complementary DNA Expression Array
Pooled total RNA samples, in which six rat RNA samples were equally mixed in six groups-(À/À) AL and CR2, (tg/À) AL and CR2, and (tg/tg) AL and CR2 rats-were applied in this experiment. Preparation of 32 P-labeled complementary DNA (cDNA) probes and hybridization using the Atlas Pure Total RNA Labeling System and Atlas Rat cDNA Expression Array I (Clontech, Palo Alto, CA) were performed according to the instructions provided by the manufacturer. Briefly, the pooled RNA samples in each group were pretreated with DNase I. Poly A þ RNA was then purified with oligo-dT-linked magnetic beads from 45 lg of total RNA. All purified poly A þ RNAs were reverse-transcribed at 508C for 25 minutes in a reaction mixture containing 50 lCi of [a-32 P]dATP, Moloney murine leukemia virus (MMLV) reverse transcriptase, and coding sequences primers. 32 Plabeled cDNA probes were then purified through column chromatography. Subsequently, a set of filter membranes containing 1176 rat cDNA clones as a spot of dots was hybridized at 688C overnight with the 32 P-labeled cDNA probes at a concentration of 0.5-1 3 10 6 cpm/mL. The next day, membranes were washed and exposed to an imaging plate (BAS cassette 2340; Fuji Film, Tokyo, Japan) for 3 days, which was then analyzed by an FLA-3000 image reader (Fuji Film). Densitometric analysis was performed on an imaging system using ARRAY GAUGE version 1.1 software (Fuji Film). Signal intensities were standardized by global normalization. We analyzed pooled samples four times. Figure 1 . Food intake (gram per rat per 12 hours) in each rat group at 24 weeks of age. The daily food intakes of (tg/À) ad libitum-fed (AL) and (tg/tg) AL were 78% and 67%, respectively, that of wild (À/À) AL (Figure 1 ). Approximately 80% of the total food intake of AL rats in all three genotypes occurred in the dark cycles. In (À/À), (tg/À), and (tg/tg) rats on caloric restriction (CR), 70%, 84%, and 88%, respectively, of food intake for 2 days took place in the first dark cycle (Dark 1) after feeding, and 85%, 98%, and 97%, respectively, of the feeding was eaten in the first day (Dark 1 and Light 1). Therefore, CR rats were nearly fasted by the second day (Dark 2 and Light 2).
Data analysis of cDNA expression arrays was reported previously (20, 21) . Briefly, filtering genes and statistical analyses were performed as follows. Genes with low expression levels close to the background intensity were eliminated in the present analysis. The cutoff value was arbitrarily set at 100 arbitrary units (AU) of the signal intensity where signals were identified visually. The genes whose expression levels fluctuated greatly among the four separate runs were also removed. The distribution of coefficient of variation (CV) of the expression levels of individual genes followed a normal distribution when the CV of each gene was log-transformed. When the logarithmic values of the CVs were located beyond the mean þ 2 3 standard deviation in the distribution, the genes were eliminated, because these data were considered unreliable. Using this procedure, 288 genes remained in the present analysis. The mean signal intensities derived from four trials using the pooled samples were calculated. To detect the genes altered by CR2 in the three genotypes, the fold change (FC) in each gene was obtained in the three genotypes, and we selected only those genes whose expression increased [FC (CR2/AL) .
concomitantly across the three genotypes. In the next step, we evaluated the effect of GH/IGF-1 suppression on gene expression that was significantly altered by CR2 in accordance with a previous report (21) . To identify the extent of linear regression between gene expression and plasma IGF-1 levels in six groups of animals, the correlation coefficient (r) and p value were calculated. The presence of statistical significance was inferred when p , .05.
Reverse Transcription-Polymerase Chain Reaction and Semiquantification
To confirm the results by cDNA expression array, semiquantitative reverse transcription-polymerase chain reaction (RT-PCR) was performed in six individual rat samples from the three genotypes from groups AL, CR1, and CR2 (vs pooled samples used for cDNA expression array). Messenger RNA (mRNA) levels of 30 target genes, including 21 genes spotted on the array membrane, were analyzed. Primer sequences of control b-actin and target genes are shown in Table 1 .
The method of semiquantitative RT-PCR was described previously (32, 34) . Briefly, RT and PCR were performed using the GeneAmp RNA PCR kit (Perkin Elmer, Wellesley, MA) and the TaKaRa Ex Taq kit (Takara Biomedicals, Ohtsu, Japan) according to the manufacturers' instructions. In pilot studies, the optimum numbers of thermal cycles and annealing temperatures were determined using the following profile: an initial denaturation step at 948C for 2 minutes; then repeated cycles of 948C for 1 minute (denaturation); 558, 608, or 658C for 1 minute (annealing); and 728C for 1.5 minutes (elongation). We also confirmed that the amount of PCR products reacted with optimum conditions correlated with that of the initial templates. Semiquantitative PCR for control b-actin and targets was then carried out under optimum conditions ( Table 1 ). The control PCR product for b-actin and the target PCR products were mixed equally and subjected to electrophoresis to standardize the relative amount of the target mRNA level of each sample. Amplified bands were detected by SYBR Gold Nucleic Acid Gel Stain (Molecular Probes, Eugene, OR). Each gel image was scanned by an FLA-3000 image reader (Fuji Film), and the intensity of fluorescent bands was analyzed using computer software (Image Gauge, version 3.45; Fuji Film). The analysis using these individual samples was duplicated.
Western Blotting for Peroxisome Proliferator-Activated Receptor a Nucleic proteins were extracted from frozen liver tissue (500 mg) as described previously (20) . Briefly, liver tissues from AL, CR1, and CR2 wild-type (À/À) rats (four rats in each group) were homogenized with homogenization buffer at 48C. The homogenate was overlaid on a cushion buffer in ultracentrifuge tubes. The supernatants were removed after ultracentrifugation, and the nuclear pellets were collected on ice. After washing, the nuclear pellets were suspended in ice-cold low-salt buffer, and then nuclear proteins were released by adding a high-salt buffer drop by drop to a final concentration of 0.4 M KCl. Samples were thoroughly mixed by vortexing. Soluble nuclear proteins were recovered by centrifugation and stored at À808C. The total protein concentrations in the samples were measured with a protein assay reagent kit (Bio-Rad Laboratories, Hercules, CA). A 10 lg protein sample was separated in a 10% sodium dodecyl sulfate-polyacrylamide gel. Proteins were transferred from the gel to polyvinylidene difluoride membranes. The membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline (TBS) containing 0.1% Tween-20 for 20 minutes at room temperature, and then incubated with rabbit antiperoxisome proliferators-activated receptor a (PPARa) primary antibodies (H-98; 1:1000 dilution in TBS containing 5% BSA and 0.1% Tween-20; Santa Cruz Biotechnology Inc., Santa Cruz, CA) for 2 hours at room temperature. The membranes were washed and incubated for 1 hour with horseradish peroxidase-labeled goat antirabbit immunoglobulin G (IgG) (1:10,000 dilution in TBS containing 5% BSA and 0.1% Tween-20; Santa Cruz Biotechnology Inc.). Positive bands were revealed using an enhanced chemiluminescence (ECL) kit (Amersham Biosciences, Piscataway, NJ) in accordance with the manufacturer's protocol. Each image was scanned by a Fluor Chem imager (Alpha Innotech, San Leandro, CA), and the intensity of fluorescent bands was analyzed using computer software (Image J, version 1.33u; National Institutes of Health).
Hepatic Triglyceride Content
Hepatic triglyceride was extracted from liver tissues of AL and CR1 rats of three genotypes (six rats in each group) at 24 weeks of age, and the content was measured using a Serum Triglyceride Determination Kit (Sigma-Aldrich Co., St. Louis, MO), according to a previous report (35) and instructions provided by the manufacturer. Hepatic triglyceride content per 100 mg dry tissue weight was calculated.
Statistical Analysis
Serum biochemical measures and hepatic triglyceride content from AL, CR1, and CR2 rats in the three genotypes (six samples in each group) were expressed as mean 6 SEM. The intensity (percentile) of PCR product for target mRNA relative to that for b-actin mRNA from AL, CR1, and/or CR2 rats in the three genotypes (six rats in each group) was obtained. FC values in (tg/À) and (tg/tg) rats compared with (À/À) rats and those of CR1 and CR2 rats compared with AL rats were calculated and expressed as mean 6 SEM. Effects of GH/IGF-1 suppression, CR1/CR2 (difference among AL, CR1, and CR2 in the three genotypes) in serum biochemical measures, hepatic triglyceride content, and data derived from RT-PCR were examined using two-way analysis of variance, and subsequently, effects of severe GH/IGF-1 suppression (tg/tg), moderate GH/IGF-1 suppression (tg/À), and CR1 and CR2 were evaluated by a post hoc test, Fisher's Probable Least-Squares Difference test. The presence of significant statistical differences was inferred with p values , .05. The amount of PPARa in the nucleus from liver tissues of wild-type (À/À) AL, CR1, and CR2 rats (four samples in each group) were expressed as mean 6 SEM. The data derived from Western blotting were examined using oneway analysis of variance, and subsequently, effects of CR1 and CR2 were evaluated by a post hoc test, Fisher's Probable Least-Squares Difference test. The presence of significant statistical differences was inferred with p values , .05. All the statistical analyses described above were performed using Stat View 5.0 software (SAS Institute Inc., Cary, NC).
RESULTS
Food Intake at 24 Weeks of Age
Daily food intake of (tg/À) AL was 78% and (tg/tg) AL was 67% compared with that of wild (À/À) AL. In AL rats of the three genotypes, 78%-79% of food was eaten in the dark cycles. In (À/À) CR, (tg/À) CR, and (tg/tg) CR rats, respectively, 70%, 84%, and 88% of food intake for 2 days was eaten in the first dark cycle (Dark 1) after feeding. These amounts are equivalent to 101%, 109%, and 118% of the daily food intake of each control in the AL group. In the first day (Dark 1 and Light 1), 85%, 98%, and 97% of food intake for 2 days was eaten in (À/À) CR, (tg/À) CR, and (tg/ tg) CR rats, respectively. Therefore, CR rats were nearly fasted on the second day (Dark 2 and Light 2). In particular, (tg/À) CR and (tg/tg) CR rats were only able to eat 2% or 3% of food intake for 2 days in Dark 2, and none of the rats were able to eat in Light 2.
Serum Biochemical Analysis at 24 Weeks of Age
Serum levels of total lipids and triglycerides were significantly higher in AL rats than in CR1 and CR2 rats in all three genotypes. The serum levels, ordered from highest to lowest, were as follows: (À/À) . (tg/À) . (tg/tg) rats (Table  2) . Serum levels of total cholesterol, free cholesterol, and phospholipids were significantly higher in AL rats than in CR1 and CR2 rats in the three genotypes; however, these parameters were not different among the three genotypes (Table 2 ). Serum levels of free fatty acids were significantly higher in AL and CR2 rats than in CR1 rats in all three genotypes (Table 2 ). Serum levels of total ketone bodies were higher in CR2 rats than in AL and CR1 rats in all three genotypes. The fractions, serum acetoacetate and D-3-hydrooxybutyrate levels, also showed the same trend as total ketone bodies ( Table 2) . Table 3 . Despite the finding that the three rat genotypes had diverse plasma levels of IGF-1, CR2 significantly enhanced the expression of 12 genes and suppressed the expression of 6 genes (Table 3) . CR2 altered the expression of 4 genes involved in stress response and xenobiotic metabolism and 5 genes involved in metabolic pathways. Therefore, CR2 appears to modulate the expression of stress response, xenobiotic metabolism, and metabolic pathway-associated genes.
The expression of C3A1, C4A3, LCAD, BFABP ApoAI, and C2C11 (bold, in Table 3 ), which are involved in lipid metabolism, was modulated by CR2. Most of the lipid metabolism-associated gene expressions (5 of 6 genes) were upregulated by CR2. Particularly, LCAD and BFABP are involved in fatty acid b-oxidation (36,37). Moreover, mCPT1, which is involved in fatty acid b-oxidation, almost met our criteria and appeared to be upregulated by CR2
Subsequently, the gene expression profiles modulated by CR2 were compared with plasma IGF-1 levels. As shown in Table 3 , the expression of OCT1A and MDR2 showed a negative linear correlation, and those of C2C11, CAIII, and IGF-1 showed a positive linear correlation with plasma IGF-1 levels (italic letters in Table 3 ). Interestingly, the hepatic mRNA levels of IGF-1 were positively correlated with plasma IGF-1 levels, suggesting that the quantitative validity of the cDNA expression array was supported.
Hepatic Gene Expression Using Semiquantitative RT-PCR
To confirm the results of cDNA expression arrays, semiquantitative RT-PCR was performed using six individual rat samples in AL, CR1, or CR2 conditions in all three genotypes. Expression levels of several lipid metabolismassociated genes were also examined to clarify CR-mediated alteration in lipid metabolism. The results of 11 gene expressions selected by our criteria on cDNA expression array data were compared with those by semiquantitative RT-PCR (asterisk [*] in Table 3 ). The expression patterns of both techniques revealed the same results in all 11 genes (Table 4) . Therefore, the quantitative validity of both techniques was also supported. Moreover, semiquantitative RT-PCR detected CR2-associated alteration of certain gene expressions (mCPT1, ACO, FASN, ACC, and C2C11), which were not selected by DNA array experiments.
With GH/IGF-1 suppression, particularly in (tg/tg) rats, the expression of BFABP, C2C11, C2C22, and CAIII was significantly decreased (Table 4 ). In contrast, the expression of mTPb, ACO, OCT1A, MDR2, and GABAt2 was significantly increased.
Regardless of the severity of GH/IGF-1 suppression, the mRNA levels of PPARa, a transcriptional accelerator of fatty acid oxidation (38, 39) , were significantly upregulated in CR2 rats (Figure 2A , Table 4 ). This alteration appears to be exaggerated in wild-type (À/À) rats. The expression levels of nine mitochondrial b-oxidation-related enzymes were examined and six of them (mCPT1, LCAD, mTPa, mTPb, mISO, and DECR) were upregulated in CR2 rats. BFABP, which acts as a fatty acid transporter and is related to mitochondrial b-oxidation (37), was also upregulated in CR2 rats (Table 4 ). In contrast, five of six peroxisomal boxidation enzyme gene expressions were not upregulated in CR2 rats. Moreover, C4A3, a microsomal x-oxidation enzyme, was upregulated in CR2 rats ( Table 4 ). The mRNA levels of ADD1/SREBP1, which is known as a transcriptional accelerator of fatty acid synthesis (26, 40) , was significantly downregulated in CR2 rats in all three genotypes ( Figure 2B , Table 4 ). FASN and ACC play critical roles in fatty acid synthesis and are regulated transcriptionally by ADD1/SREBP1 (26, 40) . cDNA expression arrays did not show any significant alteration of FASN and ACC expression, but semiquantitative RT-PCR detected that both gene expressions were downregulated significantly in CR2 rats in a manner similar to ADD1/SREBP1 ( Figure 2B ). In contrast to CR2 rats, the expression of ADD1/SREBP1, FASN, and ACC were significantly increased in CR1 rats in the three genotypes (Table 4 ). In stress response-associated and xenobiotic metabolism-associated genes, HSP90, OCT1A, and MDR2 were upregulated, whereas C2C11 and 2C22 were downregulated in CR2 rats (Table 4) .
Nuclear PPARa Protein
It has been reported that PPARa transcriptionally regulates the hepatic expression of several lipid metabolism-associated (-) ¼ genes were not spotted in the DNA array membrane or were not selected from our criteria based on the minimal optical density and coefficient of variation.
AL ¼ ad libitum fed; CR ¼ calorie-restricted; RT-PCR ¼ reverse transcription-polymerase chain reaction; NS ¼ no significant difference. genes, which vary over the diurnal cycle with food intake (41) . These genes include SREBP1-regulatory genes such as FASN as well as the genes encoding mitochondrial b-oxidation enzymes. Therefore, we examined the protein levels of nuclear PPARa in AL, CR1, and CR2 wild-type rats (À/À). As shown in Figure 3 , nuclear PPARa protein levels were significantly higher in CR2 rats than in AL and CR1 rats. The levels show a similar trend to mRNA levels of PPARa and several other genes encoding mitochondrial boxidation enzymes (Table 4) .
Hepatic Triglyceride Content
Initially we compared hepatic triglyceride content from six CR1 and six CR2 wild-type (À/À) rats and were not able to find a significant difference between both rats. Therefore, we examined the hepatic triglyceride content from AL and CR1 rats in three genotypes. The hepatic triglyceride content was significantly higher in AL rats than in CR1 rats. The content, ordered from highest to lowest, was as follows: (À/À) . (tg/À) . (tg/tg) rats (Figure 4 ). The level of hepatic triglyceride content showed a trend similar to serum levels of triglycerides (Table 1) .
DISCUSSION
The Role of GH/IGF-1 Suppression in Gene Expression Altered by CR
Despite the finding that the three rat genotypes had diverse plasma levels of IGF-1, we found 18 genes that had their expression altered by CR2 (FC . 1.3 or FC , À1.3) consistently in all three genotypes (Table 3) . When these gene expressions were compared with plasma IGF-1 levels, the hepatic expression of C2C11, CAIII, and IGF-1 genes were shown to have a positive linear correlation with plasma IGF-1 levels (Table 3) . It has been reported that the expression of C2C11 and CAIII are regulated by a male-specific pulsatile GH secretary pattern (42, 43) . Therefore, the decreased expression of C2C11 and CAIII might not be specific for CR2 in both males and females. In contrast, the expression of OCT1A and MDR2, which were involved in Figure 3 . Effect of caloric restriction (CR) on the protein levels of nuclear peroxisome proliferators-activated receptor a (PPARa) in the liver from wildtype (À/À) rats. Nucleic proteins were extracted from ad libitum-fed (AL), CR1, and CR2 wild-type (À/À) rats (four rats in each dietary group) and analyzed by Western blotting. One of each AL, CR1, and CR2 rat samples were run with a control sample (nuclear extract of K562 cells) on one gel; this procedure was repeated 4 times. The densitometry data from each band were then normalized using the band derived from the control sample. Top panel: Representative gel image for Western blotting from AL, CR1, and CR2 wild (À/À) rats. The graph shows densitometry data for Western blotting. Nuclear PPARa protein levels were significantly higher in the CR2 group than in the AL and CR1 groups (dietary effect: p , .05 by one-factor analysis of variance, asterisk: p , .05 by Fisher Probable Least-Squares Difference test). Results are expressed as mean 6 standard error of the mean. stress response and xenobiotic metabolism, were shown to have a negative linear correlation with plasma IGF-1 levels (Table 3) . Moreover, the expression of HSP90, which was also involved in stress response and xenobiotic metabolism, almost met our statistical criteria (r ¼À0.774, p ¼ .071) and appeared to be negatively correlated with plasma IGF-1 levels, suggesting that CR2 appears to enhance the gene expression involved in certain stress responses and xenobiotic metabolism in a GH/IGF-1 suppression-dependent manner.
C3A1, C4A3, LCAD, BFABP, ApoAI, and C2C11 were involved in lipid metabolism (bold, Table 3 ). Except for C2C11, which was regulated by a male-specific pulsatile GH secretary pattern, all the other five gene expressions were upregulated by CR2, and these gene expressions were not correlated with plasma IGF-1 levels. This finding suggests that CR2 predominantly upregulates the expression of genes encoding lipid metabolism-associated proteins in a GH/IGF-1 suppression-independent manner.
Alteration of Lipid Metabolism by CR
Because CR further extends the longevity of both Ames dwarf mice (18) and our transgenic dwarf rats (16, 17) , the altered expression of genes encoding lipid metabolismassociated proteins, which are regulated independently by GH/IGF-1 suppression, might be particularly important in the beneficial action of CR. The expression of genes encoding several mitochondrial b-oxidation enzymes was upregulated to a greater extent than was that of genes encoding peroxisomal b-oxidation enzymes in CR2 rats killed during food shortage (Table 4) . These changes were associated with the enhanced expression of PPARa. In addition, the genes associated with fatty acid synthesis, ADD1/SREBP1, FASN, and ACC, were upregulated more significantly in CR1 than AL rats (Table 4 ). Tsuchiya and colleagues (44) analyzed hepatic gene expression profiles of homozygous and heterozygous Ames dwarf mice fed either AL or CR, and found that CR upregulated the expression of several genes involved in b-oxidation, including CPT1, and downregulated that of genes encoding fatty acid synthesisassociated enzymes, including FASN. They also reported that expression of several genes encoding b-oxidation enzymes was more predominantly regulated by CR than by dwarfism (GH/IGF-1 suppression). Corton and colleagues (45) recently examined the gene expression profiles altered by CR in both wild and PPARa-null mice. They found that CR altered the expression of 78 genes in wildtype mice (1.5-fold or À1.5-fold), but did not affect the expressions of 15 of the 78 genes (19%) in PPARa-null mice. Moreover, the gene expression profiles in CR mice are closely related to those in control mice treated with the PPARa agonist WY-14,643 for 7 days, suggesting that some parts of CR-mediated alteration were transcriptionally regulated via PPARa (45) . These previous observations support our data.
Because CR2 rats, which were killed prior to feeding, were almost under fasting conditions for approximately 12 hours (Figure 1 ), exogenous fuel for mitochondrial boxidation was deficient. However, serum levels of free fatty acids and ketone bodies were increased in CR2 rats (Table  2) . Therefore, endogenous fatty acids mostly derived from adipose tissues must be provided as fuel for the catalyzed substances of mitochondrial b-oxidation enzymes, and this oxidation generates ketone bodies in CR2 rats as well as in fasting animals (36) . CR1 rats, which were killed after feeding, ate 35%-51% more food than AL rats in the Dark 1 cycle (Figure 1) . Nevertheless, serum levels of total lipids, triglycerides, total and free cholesterols, phospholipids, and free fatty acids were lower in CR1 than in AL rats (Table 2 ). In addition, the genes associated with fatty acid synthesis were significantly more upregulated in CR1 than in AL rats (Table 4) . Possibly, the fuel supplied by feeding may be transferred to and stored in the adipose tissues or used in the peripheral organs more effectively in CR1 than in AL rats through hepatic fatty acid synthesis. In the white adipose tissue of mice, CR upregulates several genes encoding glucose, amino acids, lipids, and mitochondrial energy metabolism-associated proteins and appears to enhance the potential of metabolic activities in adipose tissues (46) . The respiratory exchange ratio or respiratory quotient over 24 hours in CR animals fed daily is higher after feeding and lower prior to feeding than that in AL animals. This finding suggests that carbohydrates are more metabolized immediately after feeding and whole-body fuel utilization shifts almost exclusively to lipids prior to feeding when glycogen reserves are depleted in CR animals (47, 48) . These findings also support our present observation. Therefore, we suggest that CR animals might be able to effectively use the fuel provided by limited food intake via altered hepatic lipid metabolism.
Possible Connection Between Altered Lipid Metabolism and Retardation of Aging in CR Animals
From the evolutionary view proposed by Holliday, the action of CR may derive from the adaptive response system against food shortages (49, 50) . Prolonged fasting is characterized by low GH/insulin/IGF-1 levels, low gonadal hormones, low thyroid hormone levels, low leptin, and high glucocorticoid levels in plasma (51, 52) . This hormonal profile is similar to that of CR animals (53) . The prolonged fasting activates mitochondrial b-oxidation, peroxisomal b-oxidation, and the microsomal x-oxidation system associated with upregulation of mCPT1, VLCAD, MCAD, SCAD, mTPa,b, ACO, pMEI,II, pTHLA,B, and cytochrome P450 4A family gene expression; the majority of these genes are upregulated transcriptionally by PPARa (52, (54) (55) (56) . In contrast, a food shortage in CR animals (CR2) is likely to activate mitochondrial b-oxidation more predominantly than peroxisomal b-oxidation. Constitutive expression of mitochondrial b-oxidation enzymes is more regulated by PPARa than by peroxisomal b-oxidation enzymes (39) . In general, mitochondrial b-oxidation produces more adenosine triphosphate (ATP) than does peroxisomal b-oxidation (36, 56) . Therefore, the gene expression profiles for mitochondrial and peroxisomal b-oxidation in CR2 rats probably reflect constitutive regulation by PPARa. This gene expression profile suggests that CR2 rats have adapted to chronic undernutrition without malnutrition, probably differing from nonadaptable severe fasting animals.
When nonadipose tissues are exposed to an excess of lipids, massive triglycerides accumulate ultimately in the tissues, probably resulting in a lipotoxic state including ceramide synthesis and lipid peroxidation (57, 58) . Moreover, the massive accumulation of triglycerides in the nonadipose tissues such as liver and muscle, and a significant reduction in mitochondrial oxidative phosphorylation activity may be associated with pathophysiological changes including insulin resistance in elderly persons (59) . It has been reported that PPARa is necessary for the lipopenic action of the liver and for protection against insulin resistance (60) . In our data, CR2 enhances the hepatic expression of PPARa and the PPARa-regulatory genes, but GH/IGF-1 suppression does not. However, both CR and GH/IGF-1 suppression enhance glucose tolerance and insulin sensitivity (61) and prevent the hepatic triglyceride accumulation similarly. Therefore, CR2 might reduce triglyceride accumulation in nonadipose tissue through the upregulation of PPARa, resulting in the protection against the lipotoxic state and insulin resistance. Moreover, a PPARa-independent mechanism may be involved in the reduction of triglyceride accumulation associated with GH/IGF-1 suppression in the liver. It has been reported that CR protected the livers of rodents from damage induced by hepatotoxins such as thioacetamide (45) and lipopolysaccharide (62) , and CRassociated protection was attenuated in PPARa-null mice (45) . On the basis of the present study and other observations, we propose that effective lipid use, which is independently regulated by GH/IGF-1 suppression, and possibly regulated by PPARa activation, at least in part plays an important role in the beneficial action of CR.
